ABSTRACT.-Corridors such as roads and trails can facilitate invasions by non-native plant species. The open, disturbed habitat associated with corridors provides favorable growing conditions for many non-native plant species. Bike trails are a corridor system common to many urban areas that have not been studied for their potential role in plant invasions. We sampled five linear segments of urban forest along bike trails in Lincoln, Nebraska to assess the invasion of woody non-native species relative to corridors and to assess the composition of these urban forests. The most abundant plant species were generally native species, but five non-native species were also present: white mulberry (Morus alba), common buckthorn (Rhamnus cathartica), tree-of-heaven (Ailanthus altissima), honeysuckle (Lonicera spp.) and elm (Ulmus spp.). The distribution of two of the woody species sampled, common buckthorn and honeysuckle, significantly decreased with increasing distance from a source patch of vegetation (P 5 0.031 and 0.030). These linear habitats are being invaded by non-native tree and shrub species, which may change the structure of these urban forest corridors. If nonnative woody plant species become abundant in the future, they may homogenize the plant community and reduce native biodiversity in these areas.
INTRODUCTION
Urban forests are comprised of the trees that naturally occur within remnant forests and the trees planted along streets and within yards and parks (McBride and Jacobs, 1976; McPherson et al., 1997) . These patches of vegetation within a landscape dominated by concrete provide a variety of benefits to their residents and to wildlife. They remove air pollutants, store carbon, lower summer temperatures and allow people to interact with nature (McPherson et al., 1997; Bolund and Hunhammar, 1999; Chen and Jim, 2008) . They also provide habitat for some birds that have adapted to urban settings (Savard et al., 2000) , particularly seed eaters, omnivores, ground foragers and raptors (Chace and Walsh, 2006) . native species decrease in abundance between the edge of a forest corridor and the interior of a forest corridor that serves as a source patch of invasive species along the trail.
METHODS STUDY AREA
This study was conducted within the city limits of Lincoln, Nebraska (40u489N, 96u409W) . Lincoln is 194.3 km 2 in area and has a population of 241,200 individuals according to the 2006 U.S. Census. The city has a continental climate with a mean annual temperature of 10.6 C, a mean annual precipitation of 72.1 centimeters and 161 frost-free days (High Plains Regional Climate Center, 2010) . Floodplain soils within Lincoln are moderately well drained to poorly drained, silty soils that formed in alluvium (Brown et al., 1980) . Upland soils are moderately well drained or well drained, loamy or clayey soils that formed in glacial till covered by silty soils that formed in loess (Brown et al., 1980) . Historically, most of eastern Nebraska was covered with tallgrass prairie, with some small patches of trees or shrubs growing in uplands only within protected areas (Weaver, 1965) . Trees and shrubs that were adapted to drier conditions included bur oak (Quercus macrocarpa), bitternut hickory (Carya cordiformis), smooth sumac (Rhus glabra) and wolfberry (Symphoricarpos occidentalis) (Weaver, 1965) . Most trees grew in narrow bands of forest along creeks or streams (Weaver, 1960 (Weaver, , 1965 . Common tree species along waterways included willow (Salix sp.), cottonwood (Populus deltoides), American elm (Ulmus americana), slippery elm (Ulmus fulva), boxelder (Acer negundo), green ash (Fraxinus pennsylvanica), white ash (Fraxinus americana), chokecherry (Padus virginiana), hackberry (Celtis occidentalis) and Kentucky coffeetree (Gymnocladus dioica) (Weaver, 1960 (Weaver, , 1965 . Early accounts of the area that became Lincoln describe the landscape as prairie and largely treeless, with the exception of cottonwood, willow, honey locust (Gleditsia triacanthos), boxelder, walnut ( Juglans nigra), ash and elm trees growing along local creeks such as Salt Creek and its tributaries (Burgess and Worthen, 1916; Copple, 1959) .
Since the establishment of Lincoln in 1867, residents have planted trees and transformed the community into a ''city of trees,'' some of which were transplanted from the borders of local creeks (Lincoln Chamber of Commerce, 1923) . Current patches of forest vegetation within the city may represent remnants of natural forest or the expansion of trees and shrubs that have been planted. These areas are connected by Lincoln's trail system, which was largely built since the late 1980s (City of Lincoln, 1992; Great Plains Trail Network, 2010) and crosses through a mosaic of suburbs, manicured parks and herbaceous or forest vegetation. The city's current vegetation, therefore, occurs within a social-ecological system that is heavily shaped by humans. Because residents have suppressed fire and eliminated grazing, the two disturbances that limited the growth of woody vegetation and maintained the prairie ecosystem, trees and shrubs have expanded into upland areas that were formerly prairie. Non-native tree and shrub species have also been introduced to the area from street and residential plantings. Urban environments have altered hydrology, soil processes, nutrient cycling and temperature patterns compared to less developed areas (McDonnell and Pickett, 1990; Alberti and Marzluff, 2004) . These urban forests, therefore, represent a novel ecosystem composed of new species compositions and new abiotic conditions relative to historic conditions within the Lincoln area (Hobbs et al., 2006) .
The narrow, limited amount of green space along the trails, social opposition to prescribed fires within an urban landscape and altered abiotic environment makes restoration of the historic functioning prairie ecosystem within the city of Lincoln difficult if not impossible. Much of the trailside vegetation will likely continue to be maintained as urban forest into the future.
Management of the vegetation along trails that do not run through maintained parks is minimal (T. Genrich, City of Lincoln, pers. comm.) . If a trail is located on a former railroad bed or another less maintained area than a park, the City of Lincoln Parks and Recreation Department will mow up to 1.5 m on either side of the trail every two weeks during the growing season (T. Genrich, City of Lincoln, pers. comm.).
SAMPLING METHODS
Sampling sites were chosen from aerial imagery of Lincoln identifying forest corridors that: (1) were located along paved bike trails, (2) were a minimum of approximately 200 m in length, (3) consisted mostly of woody vegetation and that (4) originated from a larger patch of predominantly native vegetation which we considered potential source patches from which woody vegetation has expanded because of fire suppression (Figs. 1, 2 , Table 1 ). Five corridors that met our criteria were sampled in Mar. and Apr. 2008. Each of the five forest corridors sampled only had one source patch and the corridor was at least 0.50 km away from any other large patch of woody vegetation. These areas were surveyed in the natural vegetation adjacent to trails, at 30-m intervals.
Survey points were located midway through the forest corridor and were surveyed using the point quarter method (Brower et al., 1997) . If forested vegetation was located along both sides of the path, the corresponding midway point on each side of the path was surveyed. The tree or shrub species closest to the midway point in each of the four cardinal directions was recorded, as well as the diameter or circumference of the tree or shrub and the distance from the midway point to the tree or shrub. Only woody species that were living and greater than 0.6 meters in height were recorded. The trail was always sampled at 30-m intervals whether there was forested vegetation on one side of the trail or both sides of the trail. Data for between 10 and 19 points were recorded at each site, for a total of 73 points. The number of points varied because the distance of paths with adjacent 'natural' vegetation varied.
DATA ANALYSIS
The importance value for each tree or shrub species recorded at a site was calculated by summing the relative density, relative frequency and relative coverage (Brower et al., 1997) . We conducted linear regressions of individual species abundance and overall native and non-native species richness with distance from assumed source patch to test for a corridor effect along bike paths. Our data met normality assumptions according to the KolmogorovSmirnov test. The simple nonlinear regressions that we tested explained less of the variance in our data than simple linear regressions. Data analysis was conducted using SigmaStat.
RESULTS
Nineteen woody species were recorded from the forest corridors, of which two, hackberry and ash, were recorded at all five sites (Table 2) . Hackberry was the most widely distributed of the observed species, found at 42 of the 73 points, and had the highest importance value at sites 2, 3 and 5 (Table 3) . Silver maple had the highest importance value at site 1 and cottonwood had the highest importance value at site 4.
Five of the species recorded at the sites, common buckthorn, tree-of-heaven, white mulberry, honeysuckle and elm were non-native. We consider the honeysuckle and elm samples to be non-native because they were primarily Amur honeysuckle (Lonicera maackii) and Siberian elm (Ulmus pumila); however, a few samples could not be identified to species. The non-native, low-growing shrub wintercreeper (Euonymus fortunei) was observed in sites 1, 2 and 3 but was not recorded in the samples.
For each tree species, the size of the individual with the largest diameter at each site was used to indicate how recently the species had established at the site (Table 4 ). Because the relationship between tree diameter and age varies with environmental conditions (Iakovoglou et al., 2001) , this information was used as a general indicator of the relative age of the tree. The five largest trees at the sites consisted mostly of native species, but elm was the second largest tree at sites 2 and 4, indicating it is a relatively older invader at these sites. The smaller diameters of the other non-native species indicate they are comparatively more recent invaders of the forest corridors.
Native species did not differ greatly in species richness among points from the assumed source patch to the end of the corridor (Table 5) . Non-native species richness did not (2) decrease significantly along the corridor with distance to source (Table 5 , Fig. 3 ). There was no significant corridor effect for total species richness or total native species richness. For individual woody species, common buckthorn and honeysuckle displayed a significant corridor effect, decreasing significantly in abundance as distance from the source patch increased (Table 5 ; P 5 0.031 and 0.030, respectively).
DISCUSSION
Urban forests develop from the survival of remnant trees, the planting of commerciallyraised trees from nurseries and from the unmanaged reproduction of native and non-native trees (McBride and Jacobs, 1976) . The predominance of native trees in our study suggests the urban forest corridors we sampled may have developed from remnant native trees that were historically present along creeks in the Lincoln floodplain. For example, boxelder, green ash, hackberry, honey locust and black walnut are typical of native floodplain forests in eastern Nebraska (Weaver, 1960) . In the absence of fire, these species may have expanded their populations in the Lincoln Park system. However, some of these native species may consist of escaped cultivars that have been planted by the City of Lincoln's Parks and Recreation Department. The department's list of approved tree species for city streets includes cultivars of honeylocust and hackberry, as well as native strains of Kentucky coffeetree (City of Lincoln, 2010) . None of five non-native species recorded in our study is currently listed as an approved tree, although they may have been planted in the past. Private residences are a likely source for the non-native species recorded in our study. Because the non-native species in our study are absent from Nebraska's noxious weed list, homeowners are allowed to use these species in landscaping. At least one local nursery still carries common buckthorn. Although white mulberry and tree-of-heaven are not readily available from local nurseries, they may have been sold in the past or homeowners may have obtained these species from other sources. Of the non-native species sampled, white mulberry was the most commonly encountered. In Nebraska, white mulberry is weedy and one of the most abundant trees (Kaul et al., 2006) . Because birds devour the fruits of white mulberry and spread the seeds, it is often abundant along forest edges and fencerows (Kaul et al., 2006) .
Like white mulberry, common buckthorn is spread by fruit-eating birds (Schierenbeck, 2004; Knight et al., 2007) . The high nitrogen concentration of buckthorn litter alters nutrient and carbon cycling within ecosystems and may lead to the decline of native species, although this has not been quantified (Knight et al., 2007) . The conditions preferred by buckthorn were present along the bike trails, as buckthorn has an affinity for disturbed areas and can grow quickly in open conditions (Knight et al., 2007) . These conditions are also appropriate for tree-of-heaven, which tolerates a wide range of soils and is common in disturbed urban areas (Kaufman and Kaufman, 2007) .
Although the non-native species sampled in this study were not among the most dominant species, their presence along the bike trails indicates they have the potential to spread along these corridors. Because woody plants have a long life span and take a long time to reach reproductive age, there can be significant lag periods over the course of a woody plant invasion (Wangen and Webster, 2006) . The relatively younger age (smaller size) of non-native species along corridors in Lincoln, suggest that over time their representation in the urban forest will increase. The representation of non-native species in urban vegetation is increasing worldwide (Kowarik, 2008) . The species that are dispersed by fruit-eating birds, white mulberry and common buckthorn, may become particularly successful invaders. In the New York metropolitan area, species that were deciduous, shrubs or vines with fleshy fruit were the most successful in increasing their distribution (Aronson et al., 2007) . The corridor effect detected for common buckthorn is likely due to vertebratedispersed seeds, which travel less than 50 m (Willson, 1993) and new plants may therefore be clustered towards the presumed source of the invasion in the source patch. The majority of species sampled may have not displayed a corridor effect because corridors may act as edges and intercept propagules from the adjacent suburban landscape matrix . In addition, seed predation has been observed to increase with forest fragmentation in some studies (Holl and Lulow, 1997; Ness and Morin, 2008) , which could counteract increased seed dispersal by vertebrates along forest edges. However, studies have also shown no correlation between seed predation rates and degree of fragmentation (Holl and Lulow, 1997; Farwig et al., 2008) so it is difficult to discern the role seed predation may play in shaping the composition of tree species in these urban forest corridors.
CONCLUSIONS
Because urban areas receive more intentional and accidental introductions than areas with less human influence, they are particularly vulnerable to invasions by non-native plant species (Kowarik, 1995) . Non-native woody plant species, including those recorded in this study, can impact ecosystem processes and community structure in forests by altering nutrient cycling, increasing litter decomposition rates, reducing the abundance of native plant species and reducing nest success (Schmidt and Whelan, 1999; Borgmann and Rodewald, 2004; Knight et al., 2007) . Therefore land managers should strive to reduce the abundance of non-native species in urban forests if they want to maintain a high biodiversity of native species (Dearborn and Kark, 2010) . Landscaping is one major pathway for the spread of non-native plant species in urban areas (Allen et al., 2006) and the public should be educated about the negative impacts of non-native species (Reichard and White, 2001 ).
In addition, volunteer groups could be used to remove non-native species that are observed growing along urban trails. The City of Lincoln has used volunteer groups in the past for cutting buckthorn growing in natural areas (T. Genrich, City of Lincoln, pers. comm.) and could use the same approach for removing non-native vegetation along trails. Although labor intensive, removing individual plants of non-native species before they have become abundant and have caused major changes to the local ecosystem offers the best chances for preserving biodiversity in the long run (Zavaleta et al., 2001; Webster et al., 2006) . Complete eradication is likely unrealistic, particularly if the trails serve as corridors for the dispersal of non-native propagules, and repeated removal efforts may be needed to reduce the regeneration of non-native species (D'Antonio and Meyerson, 2002; Vidra et al., 2007; Heneghan et al., 2009) . Because removal of non-native species often disturbs the soil and encourages the growth of non-native species adapted to disturbance, native species should be planted to replace any plants that are removed (D'Antonio and Meyerson, 2002; Vidra et al., 2007; McGlone et al., 2009) . Replanting may reduce the need for subsequent non-native species removal as the native species occupy space and use resources, making invasion by other species more difficult (Shea and Chesson, 2002) .
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